The urinary benzene metabolites, trans, trans-muconic acid (ttMA) and S-phenylmercapturic acid (SPMA), are widely used as benzene exposure biomarkers. The influence of the glutathione S-transferase (GST) genetic polymorphism on the excretion levels of urinary ttMA and/or SPMA has been investigated. The association between dose-related production of urinary benzene metabolites and benzene exposure level was also reported. However, the association between the dose-related productions of urinary benzene metabolites and GST genetic polymorphism was not described in the literature. The purpose of this study was to investigate the association between the GST genetic polymorphism and dose-related production of the two widely used biomarkers, urinary ttMA and SPMA. Seventy male workers in a chemical factory were measured for their benzene exposure levels and provided blood and urine specimens at the end of work-shift. The atmospheric benzene exposure levels of these workers were determined by passive samplers with gas chromatograph mass spectrometer.
Introduction
Benzene has been classified as a human carcinogen with hematoxicity by IARC (1) . Exposure to benzene is not only associated with cancer, such as leukemia, lung cancer, and lymphoma, but also associated with aplastic anemia. As shown in Fig. 1 , the metabolism of benzene has been comprehensively investigated (2, 3) . Among benzene metabolites, urinary trans, trans-muconic acid (ttMA) and S-phenylmercapturic acid (SPMA) were reported to provide good specificity for benzene exposure and often used to evaluate the internal dose in exposed workers (4) . The American Conference of Governmental Industrial Hygienists (ACGIH) has set biological exposure indices (BEI) values for ttMA and SPMA as 500 and 25 Ag g À1 creatinine, respectively, for biological monitoring (5) . Both of these BEI values were based on the time-weighted average of 0.5-ppm benzene exposure.
The glutathione S-transferase (GST) supergene family consists of several gene subfamilies including GSTM1, GSTT1, and GSTP1. The GSTM1 and GSTT1 genes both display deletion polymorphism. Homozygous deletions of GSTM1 gene (GSTM1-deficient genotype) and GSTT1 gene (GSTT1-deficient genotype) result in the absence of enzyme activity (6) . In GSTP1 genotype, a single nucleotide substitution (A to G) at nucleotide 313, which causes the change of isoleucine to valine, decreases the GSTP1 enzyme activity (7) .
The genetic polymorphism of GST may be related to health effects of benzene exposure and the levels of urinary benzene metabolites. In a benzene-exposed population, the GSTT1-deficient genotype was found to be a good predictor of diepoxybutane-induced sister chromatid exchange and a significant benzene-GSTT1 interaction was observed (8) . In a population exposed to hydroquinone, a metabolite of benzene, the individuals with GSTM1-deficient genotype had a significantly higher frequency of micronuclei, an index of genotoxicity (9) . A line of evidence indicated that GSTT1-and GSTM1-deficient genotypes tended to be more susceptible to benzene toxicity (10) (11) (12) . In addition, it has been reported that the GST genotype polymorphism influenced the levels of urinary ttMA and/or SPMA (13) (14) (15) (16) (17) . Furthermore, in a lower benzene -exposed population (0.015 ppm), higher levels of urinary ttMA were shown in subjects with GSTM1-deficient genotype than those in subjects with GSTM1-positive genotype (14) . These studies suggest that the GST genotype polymorphism can influence the excretion of urinary ttMA and SPMA (13) (14) (15) (16) (17) .
The association between dose-related production of urinary benzene metabolites and benzene exposure level was described in a recent report published in 2006 (18) . The dose-related production of metabolite represents the amount of metabolite generated from the per unit benzene exposure dose. The report showed that these urinary benzene metabolites, including phenol, hydroquinone, catechol, and ttMA, were related to saturable metabolic pathways, except SPMA. However, the association between the dose-related production of urinary benzene metabolites and GST genetic polymorphism was not discussed in the report. Therefore, the objective of this study was to investigate the association between the GST genetic polymorphism and dose-related production of the two widely used biomarkers, urinary ttMA and SPMA.
Materials and Methods
Subjects. The study was conducted in a chemical synthesis factory in Taiwan, and the study population consisted of 105 male subjects. Each subject completed a self-report questionnaire and provided blood and urine samples. Information about demographic data, including age, diet, smoking habit, work situation, and equipmentusing situation, was obtained. The blood samples were treated with EDTA and analyzed for GST genotypes. The urine samples were analyzed for levels of ttMA, SPMA, and creatinine. Twenty-nine subjects were excluded under the criteria that their urinary creatinine levels were out of the range of 0.30 to 3.0 g L
À1
. Because smoking behavior is considered a confounding factor, and only six smokers are in the population, the six smokers were excluded from the population. Finally, 70 subjects were involved in this study. Informed consents were given by participating subjects, and the study protocol was approved by the medical ethic committee of the National Cheng Kung University Hospital, Tainan, Taiwan.
Air Benzene Sampling and Analysis. The timeweighted average concentration of benzene was measured by a diffusive sampling method. The diffusive samplers (vapor monitor 3500) were obtained from 3M. Each subject wore a diffusive sampler on the lapel during their work-shift. At the end of the work-shift, the samplers were collected and sealed with the parafilm tie to prevent loss of the analyte. Before instrumental analysis, 2.0 Ag of 13 C 1 -labeled toluene were added into the diffusive sampler as internal standard. The benzene was extracted from the diffusive sampler with 2.0-mL carbon disulfide. The 1.0-AL extracted carbon disulfide was injected into a gas chromatograph with electron impact ion trap mass spectrometer (Finnigan Corporation). The m/z of benzene and 13 C 1 -labeled toluene were 78 and 92, respectively. The calibration curve was constructed by the different concentration of benzene plots with same amount of 13 C 1 -labeled toluene. The apparent recovery was done per 10 sample runs with spiked samples. The precision of samples was also determined by replicate analysis. The ranges of apparent recovery and precision were 101% to 105% and 0.55% to 10%, respectively. Desorption efficiencies of the diffusive sampler, estimated at three concentrations, ranged from 97% to 103%.
Urine Sampling and Analysis. These urine samples were collected at the end of work-shift. The urine samples were collected in 15-mL polypropylene tube and kept at 4jC after collection at the factory. All urine samples were stored at À20jC before analysis. The collection of these urine samples was according to the ACGIH commendation (5). Urine sample preparation and analysis procedures were done by an online cleanup device with electrospray ionization tandem mass spectrometer for quantitation of urinary ttMA and SPMA (19) .
The samples added to BEI concentration of these two analytes were analyzed for examination of apparent recoveries. The recovery values of these two analytes were in the range of 100 F 15%. The precisions of these two urinary analytes were tested by triplicate repeat analyses. The relative SDs of the two analytes were both <10%. The ttMA and SPMA levels of each subject were adjusted by their urinary creatinine levels.
Genotype Analysis. Before DNA storage, the DNA was isolated from each blood sample using XNAB REDExtract-N-Amp Blood PCR Kit (a DNA isolation kit, provided by Sigma Chemical). The GSTM1 and GSTT1 genotype polymorphisms were determined according to Dirksen et al. (20) . The GSTP1 genotype polymorphism was determined according to Harries et al. (21) . These genotypes were detected by PCR, and then the samples were separated electrophoretically on 2.5% agarose gels and visualized by UV-induced luminescence. For GSTP1 genotype analysis, after the PCR process, the PCR product was digested with BsmAI, an isoschizomer of Alw26I (New England BioLabs), and then electrophoretical separation was done. According to the GSTP1 genotype polymorphism associated with the amino acid replacement, the GSTP1 genotypes were shown by ile/ile, ile/val, and val/val, the replacements of amino acid sequence. Additionally, albumin was used in PCR and electrophoretical separation processes as a positive control.
Statistical Methods. PC software, SPSS version 12, was used for statistical tests and regression analyses. Because the levels of these two urinary metabolites had geometric distributions, the data were log transformed for further statistical comparison and correlation analyses. Independent-sample t test was used to analyze the two urinary metabolite levels of subjects with GSTM1-and/or GSTT1-positive genotypes compared with deficient genotypes. In GSTP1 group, the Kruskal-Wallis test was used to analyze the metabolite levels among the three GSTP1 subgroups, including ile/ile, ile/val, and val/val, because of the small sample size in val/val (n = 2). For comparing the dose-related production of urinary metabolite in the two GSTT1 genotypes, a statistical method that was reported by Tsutakawa and Hewett (22) was used. P < 0.05 was considered statistically significant.
Results
Characteristics of the Study Population. The characteristics of the study population, including age and work seniority, were obtained with a self-report questionnaire and summarized in Table 1 . The average age of the population was 45 F 7.8 years (mean F SD). The mean work seniority of the population was 200 F 74 months.
The frequencies of the GSTM1, GSTT1, and GSTP1 alleles were also given in Table 1 . Both of the GSTM1 and GSTT1 allele frequencies that were close to 50% in this population were similar to those reported previously in Chinese and Taiwanese populations (23, 24) . The GSTP1 ile/ile, ile/val, and val/val allele frequencies were 60%, 36%, and 2.8%, respectively. The occurrence of GSTP1 allele frequency was also similar to the occurrence reported in a Chinese control group (24) .
Levels of Benzene Exposure and Urinary Metabolites. The levels of atmospheric benzene exposure and its urinary metabolites were shown in Table 2 . The benzene time-weighted average concentration of the population was 7.2 F 15 (mean F SD, ppm) and ranged from 5.2 ppb to 70 ppm with a median of 0.62 ppm. These subjects were divided into two subgroups based on whether the benzene exposure levels were <1 or R1 ppm for three following reasons: First, these subjects were divided for approximately equal subject sizes. Second, for comparing the levels of urinary benzene metabolites to the metabolite levels in the previous report at similar exposure level, the cutoff point of benzene exposure level was set at 1 ppm (29) . Third, ttMA could be reliable in detecting benzene exposure level down to 1 ppm (4, 25). There were 33 subjects with high benzene exposure (R1 ppm) and 37 subjects with low exposure (<1 ppm). The mean benzene exposure levels of the high and low exposure groups were 15 F 19 and NOTE: Statistical comparison: independent-sample t test. The levels of urinary ttMA and SPMA were log transformed. *ttMA level between high and low exposure groups, P < 0.001. cSPMA level between high and low exposure groups, P < 0.001.
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Cancer Epidemiol Biomarkers Prev 2008;17 (6) . June 2008 0.20 F 0.22 ppm, respectively. Additionally, the benzene exposure level shows significant difference between these two groups. In all of urinary samples, ttMA and SPMA levels were determined above the detection limits (19) . Among the study subjects, ttMA levels of 49 subjects were higher than the corresponding BEI value (500 Ag g À1 creatinine), but only nine subjects' SPMA levels were higher than the BEI value (25 Ag g À1 creatinine). In the high exposure group (R1 ppm), the ttMA levels of all subjects were higher than the BEI value. However, there were only nine subjects in the high exposure group whose SPMA levels were higher than the corresponding BEI value. By comparing the levels of the two metabolites between the high (R1 ppm) and low (<1 ppm) exposure groups, both ttMA and SPMA levels were significantly higher in the high exposure group than in the low exposure group (Table 2 ; P < 0.001).
As shown in Fig. 2 , significant correlations between time-weighted average benzene concentration and urinary ttMA levels (r = 0.731, P < 0.05), and between benzene concentration and SPMA (r = 0.762, P < 0.05), in the entire study group were observed. The ttMA and SPMA levels were geometrically distributed with urinary creatinine adjustment. Therefore, to conduct further correlation analysis between these two metabolites, the ttMA and SPMA levels were geometrically transformed. The levels of these two metabolites after geometric transformation showed a high correlation ( Fig. 3 ; r = 0.823, P < 0.05).
Effects of GST Polymorphism on Benzene Metabolites. The benzene level, ttMA level, SPMA level, and ttMA to SPMA concentration ratio of the population were stratified by GST genotype polymorphism and plotted on a logarithmic scale for their distribution, as shown in Fig. 4 . To calculate the ttMA to SPMA concentration ratio, the ttMA level was divided by SPMA level in each sample. For age, work seniority, and benzene exposure level, there were no significant differences between two GSTM1 genotypes. Similar data in GSTT1 and GSTP1 were observed (data not shown).
In Fig. 4A , D, and G, no matter in what GST genotypes, the urinary ttMA levels showed no significant differences among subgroups of GSTM1, GSTT1, and GSTP1. In Fig. 4B , the SPMA levels do not show a significant difference in two-tailed t test between the two subgroups of GSTT1. In several reports (13, 16, 17) , lower SPMA levels in GSTT1-deficient genotype subjects than in GSTT1-positive genotype subjects were reported. It seems that the subjects with GSTT1-positive genotype have higher activity of glutathione conjugation. To examine whether the SPMA levels of subjects with GSTT1-positive genotype was higher than those of subjects with deficient genotype or not, one-tailed t test was adopted. In Fig. 4B , the SPMA levels of subjects with GSTT1-positive genotype were significantly higher than those of subjects with GSTT1-deficient genotype (P = 0.041, one-tailed). The GSTT1-positive subjects had 2.2 times higher average urinary SPMA level than the GSTT1-deficient subjects. To further show which GST genotypes influence the levels of ttMA and SPMA, the concentration ratio of ttMA to SPMA was calculated and classified by the three GST genotypes and their subgroups. Significant difference in the ttMA to SPMA concentration ratio was observed between the GSTT1-positive and GSTT1-deficient genotype groups (P = 0.002). The mean ttMA to SPMA concentration ratio in the GSTT1-positive group was 1.7 times lower than that in the GSTT1-deficient group. The results showed that the subjects with GSTT1-positive genotype had higher proportion of SPMA in urine metabolites than those with GSTT1-deficient genotype.
As shown in Table 3 , the benzene exposure level, ttMA level, SPMA level, and ttMA to SPMA concentration ratio were also stratified by GST genotypes and benzene exposure levels (R1 or <1 ppm). In the high benzene Figure 2 . Correlations between benzene exposure levels and its urinary metabolites, ttMA and SPMA, in 70 male benzeneexposed workers. A, correlation between benzene exposure level and urinary ttMA level; B, correlation between benzene exposure level and urinary SPMA level. exposure group (R1 ppm), only the ttMA to SPMA concentration ratio in the GSTT1-positive subjects was significantly higher than that in the GSTT1-deficient subjects. In the high benzene exposure group, urinary SPMA level showed no significant difference between GSTT1-positive and GSTT1-deficient subjects, although the P value (0.176) of one-tailed t test was close to 0.05. In the low benzene exposure group (<1 ppm), for GSTT1, both the SPMA level and ttMA to SPMA concentration ratio showed significant differences between positive and deficient genotype subjects. The data showed that the increasing rate of SPMA levels between the two GSTT1 genotypes in the high exposure group (R1 ppm) was lower than that in the low exposure group (<1 ppm).
The dose-related productions of ttMA and SPMA versus benzene exposure level were shown in Fig. 5A and B, respectively. The dose-related production of metabolite represents the amount of metabolite generated from the per unit benzene exposure dose. For both metabolites, the regression lines and equations within the two GSTT1 genotypes are also shown. No matter in what GSTT1 genotype, the dose-related productions showed downward trends with increasing benzene exposure levels. In the dose-related production of ttMA, the regression lines of the two GSTT1 genotypes were closely superimposed. There was no apparent difference in dose-related production of ttMA between the two GSTT1 genotypes. In Fig. 5B , the dose-related production of SPMA in GSTT1-positive genotype subjects (1.1 F 0.79 Ag/g creatinine/ppm benzene) was significantly higher than that in GSTT1-deficient genotype subjects (0.82 F 0.68 Ag/g creatinine/ppm benzene; P < 0.05). In the dose-related production of SPMA, the significant difference between these two regression lines of the two GSTT1 genotypes was not observed (P = 0.096), although the P value was close to 0.05.
The regression lines between ttMA to SPMA concentration ratio and benzene exposure levels for the two GSTT1 genotypes were shown in Fig. 6 . The concentration ratio of ttMA to SPMA reveals the physical production ratio of these two metabolites for biotransformation of benzene into ttMA and SPMA. For both of Figure 4 . Urinary ttMA levels, SPMA levels, and ttMA to SPMA concentration ratios of whole subjects are plotted by GST genotype polymorphism. These variables were statistically tested after log normal transformation. A to F, variables were tested by independent-sample t test between positive and deficient genotypes in GSTM1 and GSTT1. G to I, variables were tested by Kruskal-Wallis test among GSTP1 subgroups. SPMA level and the concentration ratio of ttMA to SPMA showed significant differences between positive and deficient genotypes in GSTT1. Additionally, the ttMA to SPMA concentration ratio showed more significant difference between GSTT1 subgroups compared with SPMA level.
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the two GSTT1 genotypes, the regression lines showed a significant upward trend (P < 0.001). The results suggested that the proportion between the urinary metabolites changed with increasing benzene exposure level, no matter in what GSTT1 genotype. The GSTT1-deficient genotype subjects exhibited a higher ttMA to SPMA concentration ratio than the GSTT1-positive genotype subjects. The slopes of the two regression lines were also apparently different.
Discussion
Urinary Benzene Metabolites as Exposure Markers. For monitoring benzene exposure levels, the urinary benzene metabolites, ttMA and SPMA, are more widely accepted as exposure biomarkers than other urinary metabolites because of the strong correlation between levels of atmospheric benzene and urinary metabolites (26) (27) (28) . The ttMA and SPMA levels of urine collected at the end of work-shift have been suggested as BEIs by ACGIH, and the BEI values of ttMA and SPMA were set at 500 and 25 AL g À1 creatinine, respectively. However, SPMA was considered to be a better exposure biomarker than ttMA (4, 29) . In this study, urinary SPMA and benzene exposure showed a slightly better correlation (r = 0.76, P < 0.05) than did ttMA and benzene exposure (r = 0.73, P < 0.05). Additionally, both ttMA and SPMA showed significant differences between benzene exposure level <1 ppm and benzene exposure level in the range of R1 to <10 ppm (P < 0.05; data not shown). The data indicated that the two metabolites could be used to determine benzene exposure level down to 1 ppm (time-weighted average). Several previous reports also showed that urinary ttMA and SPMA are good biomarkers for biomonitoring of low benzene exposure (<1 ppm; refs. 25, 29) . The data showed that both the urinary ttMA and SPMA levels collected at the end of work-shift were good benzene exposure biomarkers. According to the high correlation between ttMA and SPMA levels ( Fig. 3 ; r = 0.823), the data indicated that the specificity of urinary ttMA as an exposure marker in these subjects was not heavily interfered with the chemicals known to cause interference, such as sorbic acid (4), a common food preservative.
Association between GST Genotype and Two Urinary Benzene Metabolites, ttMA and SPMA. According to the results ( Fig. 4; Table 3 ), the SPMA levels of subjects with GSTT1-positive genotype were significantly higher than those of subjects with GSTT1-deficient genotype (P = 0.041). Similar observations about the influence of GSTT1 genotypes on the SPMA level in urine were described in several reports (13, 16, 17) . A significant difference in SPMA levels between the two GSTT1 genotypes was observed in the low exposure group (<1 ppm) but not in the high exposure group (R1 ppm). The data showed that the increasing rate of SPMA levels between the two GSTT1 genotypes in the high exposure group (R1 ppm) was lower than that in the low exposure group (<1 ppm). On the other hand, the increasing rate of SPMA level from GSTT1-deficient genotype to GSTT1-positive genotype was related to benzene exposure level. These results reveal that SPMA level was associated not only with GSTT1 genetic polymorphism but also with benzene exposure level.
The concentration ratio of ttMA to SPMA reveals the physical production ratio of these two metabolites for *Data were be statistically tested after log transformation. cBenzene, ttMA, SPMA, and ttMA/SPMA were tested by independent-sample t test between positive and deficient genotypes in GSTM1 and GSTT1. bOne sample loss in GSTP1.
x Benzene, ttMA, SPMA, and ttMA/SPMA were tested by Kruskal-Wallis test among GSTP1 subgroups. (Table 3 ), a significant difference in ttMA to SPMA ratio between the two GSTT1 genotypes was also observed. The data reveal that the subjects with GSTT1-positive genotype had a higher proportion of SPMA in the two urinary metabolites than those with GSTT1-deficient genotype. As shown in Tables 2 and 3 , the SDs of ttMA and SPMA were large. One of the limitations in the study is number of subjects (n = 70). In Table 3 , there seems to be a trend of decreasing ttMA and SPMA with GSTP1 genotype in the high benzene exposure group, although two metabolite levels showed no statistically significant difference among the three GSTP1 genotypes. For observation of the association between urinary benzene metabolites and GSTP1 genetic polymorphism, the larger sample number should be required.
According to Fig. 5A , urinary ttMA displayed a downward trend of dose-related production with increasing benzene exposure levels. A similar observation was also described in a previous report (18) . The downward trend of dose-related production of both benzene metabolites is considered to be related to a saturable enzymatic metabolic pathway. For benzene metabolism, the oxidative reaction of CYP2E1 was considered as a major saturable metabolic stage (18) . Comparing the trend of dose-related production of SPMA described in a report of Kim et al. (18) with our data, the observations on the trend were not consistent. In Fig. 5B , urinary SPMA displayed a downward trend of dose-related production. The same phenomenon of SPMA production by calculating the dose-related production from a report of Melikian et al., was also observed (29) . In the report of Melikian et al., the trend of SPMA dose -related productions in benzene-exposed workers showed that SPMA was related to a saturable enzymatic metabolic pathway. According to our data, both ttMA and SPMA might be related to saturable enzymatic metabolic pathways.
Taking together the data in Fig. 5 , no matter in what GSTT1 genotype, the dose-related production of ttMA and SPMA showed a downward trend with increasing benzene exposure level. The ttMA levels were not associated to GSTT1 genotypes, whereas their regression lines were closely superimposed as shown in Fig. 5A . Comparing the data between the two GSTT1 genotypes, the dose-related production levels of SPMA were higher in GSTT1-positive genotype subjects (P < 0.05). A similar phenomenon in the report of Qu et al. (16) was observed. Additionally, with increasing benzene exposure level, the dose-related production of SPMA for GSTT1-positive genotype decreased more rapidly than that for GSTT1-deficient genotype. The data showed that SPMA dose-related production was associated not only with GSTT1 genetic polymorphism but also with benzene exposure level. However, no correlation between GSTT1 genetic polymorphism and dose-production of ttMA was observed.
In Fig. 6 , the regression lines from ttMA to SPMA ratios versus benzene exposure levels for the two GSTT1 genotypes were shown. The ttMA to SPMA ratios in GSTT1-deficient subjects were higher than those in GSTT1-positive subjects. For both of these two GSTT1 genotypes, the ttMA to SPMA ratios increased with the benzene exposure levels, indicating that the proportion of ttMA in the two urinary metabolites increased with benzene exposure levels. That is, the proportions of a Figure 5 . The correlations between dose-related productions of metabolites, ttMA (A) and SPMA (B), and benzene exposure levels are plotted by the two GSTT1 genotypes. The blackdiamond plot and gray-square plot represent the GSTT1-positive and GSTT1-deficient genotypes, respectively. The black and gray regression lines represent the GSTT1-positive and GSTT1-deficient genotypes, respectively. Figure 6 . The correlations between ttMA to SPMA concentration ratio and benzene exposure levels are plotted by the two GSTT1 genotypes. The black-diamond plot and gray-square plot represent the GSTT1-positive and GSTT1-deficient genotypes, respectively. The black and gray regression lines represent the GSTT1-positive and GSTT1-deficient genotypes, respectively.
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According to the BEI values of ttMA (500 Ag g À1 creatinine) and SPMA (25 Ag g À1 creatinine) from ACGIH, the BEI ratio of ttMA to SPMA is 20. The BEI values of ttMA and SPMA were determined based on western population described in four reports (25, 27, 30, 31) from ACGIH. In our data from Taiwan population, the ttMA to SPMA ratio in the low benzene exposure group (<1 ppm) was 144. In a previous report of China population, the ttMA to SPMA ratio in the high benzene exposure group (R1 ppm) was 40 by calculating the ttMA and SPMA mean values of the postwork (29) . According to our data and the report of Qu et al., the ttMA to SPMA ratio of China population was >20.
According to our observations and previous reports (13, 16, 17) , the GSTT1 genetic polymorphism influences the concentration ratio of ttMA to SPMA. However, the different races of populations with different GSTT1 allele frequencies were reported (23) . GSTT1 allele frequencies, including positive and deficient genotypes, were 40% and 60%, respectively, in a previous report in China/Taiwan population (23) . In Caucasian population, including Europeans and Caucasian Americans, GSTT1-positive and GSTT1-deficient allele frequencies were 82.5% and 17.5%, respectively (23) . By comparing the GSTT1 genotype frequencies between the China/ Taiwan and Caucasian populations, the population in China/Taiwan seems to have higher ttMA to SPMA ratio than the Caucasian population. The difference in ttMA to SPMA ratio between our data and ACGIH may be related to different races with different GSTT1 frequencies. However, the increasing level of ttMA to SPMA ratio between the two different races should be further investigated. The results also suggest that the BEI values should be set for populations of different races.
Several studies that have reported on the ttMA and SPMA levels relating to GST polymorphism were listed in Table 4 . Among these reports, GSTP1 was not associated with the urinary levels of ttMA and SPMA. Three studies showed that subjects with the GSTT1-positive genotype had significantly higher SPMA excretion levels than did subjects with GST-deficient genotype (13, 16, 17) . The study of Bergamaschi and colleagues (15) showed that subjects with GSTM1-deficient genotype had significantly higher ttMA levels than subjects with GSTM1-deficient genotype. It is the only one report showing that ttMA is associated with GSTM1 genetic polymorphism in 24 subjects. Surprisingly, there was no association between SPMA level and GSTM1 genetic polymorphism. However, ttMA could be reliable in detecting benzene exposure level down to 1 ppm (4, 25) . The benzene exposure level in the study that ranged from 0.007 to 0.026 ppm with a median of 0.015 ppm was below the cutoff level (1 ppm). Especially, ttMA could be interfered with the common food preservative (4). Therefore, conclusions from the study have to be cautiously used. Another study by Rossi and his colleagues (14) showed that significantly higher ttMA excretion levels were found in GSTT1-deficient subjects than in GSTT1-positive subjects at the benzene exposure level of 0.026 ppm. Additionally, there was a study that showed that no association between urinary benzene metabolite level and GST genetic polymorphism was observed at the benzene exposure level of 0.78 ppb (32) . However, the low benzene exposure level in these reports is still a problem.
Hydroquinone is a benzene metabolite with myelotoxin and is reported to be associated with micronuclei, sister chromatid exchange, and chromosomal aberrations (9) . The association between GSTM1 genetic polymorphism and DNA damage caused by hydroquinone in human lymphocytes was reported. However, GSTT1 genotype was not related to any DNA damage in human lymphocytes (10) . Furthermore, both GSTM1 and GSTT1 were related to low WBC in benzene-exposed workers (10) . These data showed that the GSTM1 genetic polymorphism is related to several health effects caused by benzene. However, in our data, GSTM1 genotype was not related to the levels of the urinary benzene metabolites. Furthermore, the SPMA levels of GSTM1-positive subjects in the low benzene exposure group (<1 ppm) were higher than those of GSTM1-deficient subjects, although there was no significant difference between the two GSTM1 genotypes (Table 3) . If the sample size could be increased, the effects of GSTM1 genetic polymorphism on benzene metabolism could apparently be observed.
Conclusion
Among the GST genotypes investigated in this study, the results showed that only the GSTT1 genotype was related to the level and dose-related production of SPMA. The subjects with GSTT1-positive genotype had higher levels of SPMA than those with GSTT1-deficient genotype. Associations between benzene exposure level and dose-related productions of ttMA and SPMA were reported. Additionally, the GSTT1 genetic polymorphism related to dose-related production was further shown. According to our data, no matter in what GSTT1 genotypes, the proportion of ttMA in urine increased with benzene exposure level by observation of ttMA to SPMA ratio versus benzene exposure level. Furthermore, the proportions of urinary benzene metabolites changed with exposure levels. Using SPMA for evaluating benzene exposure, the results suggest that the GSTT1 genetic polymorphism, especially in a comparison study between two populations with different GSTT1 genotype frequencies, should be considered. Additionally, the BEI value of SPMA should be set based on the levels of subjects with GSTT1-deficient genotypes for protection of all subjects.
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